In MIMO systems, the channel identification is important to distinguish transmitted signals from multiple transmit antennas. One of the most typical channel identification schemes is to employ a code division multiplexing (CDM) based scheme in which a unique spreading code is assigned to distinguish both BS and MS antenna elements. However, by increasing the number of base stations and transmit antenna elements, large spreading codes and pilot symbols are required to distinguish the received power from all the connectable BS, as well as to identify all the CSI for the combination of transmitter and receiver antenna elements. Furthermore, the complexity of maximum likelihood detection (MLD) for implementation of MIMO is a considerable work. To reduce these problems, in this paper, we propose the parallel detection algorithm using multiple QR decompositions with permuted channel matrix (MQRD-PCM) with discrete pilot signal assignment and iterative channel identification for MIMO/OFDM.
Introduction
For wireless communications with a limited amount of bandwidth, more spectrum efficient techniques are required. Multiple-input multiple-output (MIMO) is one of the most promising techniques for achieving more efficient bandwidth utilization, since it enable the transmission rate over MIMO channels to be increased by using multiple antennas on both the transmitter and receiver sides [1] , [2] . Maximum likelihood detection (MLD), which is the best performing scheme, generates replicas of the received signals from candidates of the desired and co-channel interference(CCI) signals [3] - [6] . However, the complexity of MLD exponentially increases with the constellation size and the number of transmitter antenna branches. Accordingly, it is impractical to use a full MLD without reducing its computational complexity, because it would be prohibitively large for implementation. Regarding the problem of implementation, a promising approach that applies QR decomposition in association with an M-algorithm to MLD has been proposed as QRD-M [7] - [10] .
The QRD-M scheme produces approximately the same BER as a full MLD using soft-decision decoding. QRD-M decomposes the channel response matrix H into a unitary matrix Q and an upper triangular matrix R. Since Q is unitary, multiplication of Q H and the received signal vector has no noise enhancement, and the noise vector will still be white after unitary transformation. Therefore, QRD-M Manuscript received November 30, 2007. Manuscript revised March 5, 2008 . † The author is with the Faculty of Information Sciences, Hiroshima City University, Hiroshima-shi, 731-3194 Japan.
a) E-mail: junny@m.ieice.org DOI: 10.1093/ietfec/e91-a. 8.2000 achieves a superior system performance using soft-decision decoding [11] . However, the performance of QRD-M depends on the number of surviving symbol replica candidates. When QRD-M uses a small number of candidates, the performance is degraded. On the other hand, when there is a large number of surviving symbol replica candidates and the transmitter antenna branches, QRD-M requires a large memory to maintain the branch metrics for the surviving symbol replicas. Moreover, in the QRD-M algorithm, tentative decisions on the symbols are made serially, but the final decision is jointly made. Thus, instead of searching for all combinations, the search is limited by pruning the search tree in a breadth-first manner. In this case, the QRD-M is similar to serial detection methods. Thus, long latency time is also required. Recently, the parallel detection algorithm using multiple QR decompositions with permuted channel matrix for MIMO/OFDM (MQRD-PCM/MIMO-OFDM) has been proposed [12] . Moreover, in MIMO systems, the channel identification is important to distinguish transmitted signals from multiple transmit antennas. Several algorithms are proposed to distinguish transmitted signals [13] , [14] . One of the most typical channel estimation schemes is to employ a code division multiplexing (CDM) based scheme in which a unique spreading code is assigned to distinguish both BS and MS antenna elements [15] , [16] . However, by increasing the number of base stations and transmit antenna elements, large spreading codes and pilot symbols are required to distinguish the received power from all the connectable BS, as well as to identify all the CSI for the combination of transmitter and receiver antenna elements. In this case, the throughput performance is also degraded since the pilot symbol does not carry any information. In fact, the channel response at a particular subcarrier frequency is not supposed to be totally different from its neighboring frequencies, and hence, they must have correlation which depends on the coherence bandwidth of the channel B c [17] . If we consider the discrete pilot signal assignment for identifying all the CSI for the combination of transmitter and receiver antenna elements with reduced pilot symbols, the throughput performance is not degraded. To reduce the above-mentioned problems, in this paper, we consider the discrete pilot signal assignment and an iterative channel identification for MQRD-PCM/MIMO-OFDM to improve the total throughput. This paper is organized as follows. The configuration of the proposed MIMO/OFDM system is described in Sect. 
Proposed MIMO/OFDM System
This section describes the proposed MIMO/OFDM system, which employs time division multiplexing (TDM) transmission for multiple users. The proposed MIMO/OFDM system is illustrated in Fig. 1. 
Channel Model
We assume that the propagation channel consists of L discrete paths with different time delays. The impulse response between the mth transmitter and the nth receiver antenna
where m,n,l , τ m,n,l are the complex channel gain and the time delay of the lth propagation path, respectively. The channel transfer function h m,n ( f, t) is the Fourier transform of m,n (τ, t) and is given by
Proposed MIMO/OFDM Transmitter
The transmitter block diagram of the proposed MIMO/OFDM system is shown in Fig. 1(a) . Firstly, the coded binary information data sequence is modulated, and N p pilot symbols are appended at the beginning of the sequence. The proposed MIMO/OFDM transmit signal for the mth transmit antenna can be expressed in its equivalent baseband representation as
where N d and N p are the number of data and pilot symbols, N c is the number of carriers, T s is the FFT time length, S is the average transmitting power, T is the OFDM symbol length, respectively. The frequency separation between adjacent orthogonal subcarriers is 1/T s and can be expressed, by using the kth subcarrier of the ith modulated symbol
The guard interval T g is inserted in order to eliminate the intersymbol interference (ISI) due to the multipath fading, and hence, we have
In Eq. (3), g(t) is the transmission pulse given by
For N p = 2 and M = 4 where M is the number of transmit antenna elements, the transmitted pilot signal of the kth subcarrier of the mth transmit antenna element is given by
where Φ is the orthogonal spreading code as
, "mod" means the modulus, x denotes the smallest integer more than or equal to x, and | denotes the logical operator "AND," respectively. For simplicity, in this paper, we consider 4 × 4 MIMO system. The transmitted pilot signal of the kth subcarrier of the mth transmit antenna element is given in Fig. 2 .
Receiver Structure
The receiver structure is illustrated in Fig. 1(b) . By applying the FFT operation, the received signal y(t) is resolved into N c subcarriers. The received signal for the nth received antenna y n (t) in the equivalent baseband representation can be expressed as
where ν n (t) is additive white Gaussian noise (AWGN) with a single sided power spectral density of N 0 for the nth received antenna. The kth subcarrier y n (k, i) is given by
where ν n (k, i) is AWGN noise with zero-mean and a variance of 2N 0 /T s . Assuming that the maximum τ m,n,l is shorter than the guard interval T g , the integral with respect to τ becomes, from Eq. (5),
Assuming that h m,n (t) remains almost constant over the symbol length T , we have
As a result, Eq. (8) can be rewritten as
The estimated channel impulse response of kth subcarrier between the mth transmitter and the nth receiver h m,n (k) is calculated by interpolation of the discretely assigned pilot signals as (12) where ⊗ denotes convolution.
MQRD-PCM
Alternately, (11) can be written in matrix form as
where
where N is the number of received antennas, and ν(k) is the N × 1 noise matrix. From Eq. (13), we can denote the signal model as
Suppose a matrix is decomposed as
. If we change the order of X(k), the column order of H(k) is also changed. For example, if we exchange the positions of x 1 (k) and x M (k), we can rewrite Eq. (14) as
where H 1 (k) is the channel matrix that exchanged the first and Mth columns, and X 1 (k) is the transmitted signal matrix that exchanged the first and Mth rows, respectively. The QR decomposition of H 1 (k) is given by
where R 1 (k) is given by
From Eqs. (16) and (17), we can obtain the different matrix compared with Eq. (15) as follows,
From Eqs. (16), (17) , and (18), we can also easily calculatẽ x 1 (k) as
where Q(k) H M is the Mth row of Q(k) H . Moreover, if we exchange the positions of x 2 (k) and x M (k), we also obtain the channel matrix H 2 (k) and calculatex 2 (k). In the same manner, we can calculate Q 3 (k), . . . , Q M−1 (k) and R 3 (k), . . . , R M−1 (k) with permuted channel matrix. The main point of this method is to reorder X(k) such that the coordinate to be detected is in the last row, the order of other signals is unrestricted. As a result, the detected signals are given bỹ
. . .
Observing Eqs. (20), and (21), we can find a common rule for detecting the transmitted signals as follows
where diag[ ] puts on the main diagonal. Therefore, we can rewrite Eq. (22) as
where Q(k) M is the Mth column of the Q(k), since 
Since the norm of each column ofQ (k) is unity andR(k) is a diagonal matrix,Ẑ(k) =Q(k) H · Y(k) shows no noise enhancement in (24). The initially detected signal is given byX
whereẑ m (k) is the m-th column ofẐ(k) in (24). From Eq. (12), the initially estimated CSI includes estimation errors due to interpolation of the discretely assigned pilot signals. To achieve an improved system performance, we use an iterative channel identification. From Eq. (25), we can make the replica signals using detected symbols, and then calculate the estimation error for the ψth iteration as
where N int is the size of interleaving. By using (26), we can calculate the improved CSI as
Observing Eq. (27), it is clear that the estimated CSI is more accurate than that of the initially estimated CSI as Eq. (12) . Efficient channel coding is essential to reducing the required E b /N o for wireless access. It is well known that soft-decision decoding exhibits a large coding gain. However, there is a problem in that the log likelihood ratio (LLR) of the a posteriori probability (APP) for soft-decision decoding cannot be obtained when no surviving symbol replicas remain that contain either bit "1" or "-1." Therefore, in this paper, we investigates the likelihood function of APP in the proposed system for the subsequently employed softdecision decoding [11] . The desired bit streams are calculated by using the symbol replica candidates and their Euclidian distances and using soft-decision decoding. The Euclidian distances of the kth subcarrier, the mth transmitted antenna, and the ψth iteration,Ξ m,ψ (k), can be calculated aŝ
where C is the number of symbol replica candidates, and r m,ψ (k) is the modified term for the ψ iteration ofr m (k) due to Eq. (27). The log likelihood ratio (LLR) of the a posteriori probability (APP) for the b-th bit, kth subcarrier, the mth transmitted antenna, and the ψth iteration, Λ m,b,ψ (k), is calculated for the subsequently employed soft-decision decoding from (28) as
where x m,ψ (k) b is the hard decision b-th bit for k-th subcarrier from the mth transmitter antenna and the ψth iteration, Ξ m,ψ (k) and Ξ m,ψ (k) are the minimum and maximum Euclidian distances among the surviving symbols for the kth subcarrier from the mth transmitted antenna and the ψth iteration, respectively. Figure 1 shows a simulation model of the proposed MIMO/OFDM system with N c = 64 subcarriers. On the transmitter side, the data stream is firstly encoded. Here, convolutional codes (rate R = 1/2, constraint length ξ = 7) with bit interleaving are used. The interleaving size is 5 symbols duration. These have been found to be efficient for transmission of an OFDM signal over a frequency selective fading channel [18] , [19] . The coded bits are QPSK modulated and then serial-to-parallel (S/P) transformed. Pilot signals are generated and assigned as shown in Fig. 2 . The OFDM time signals are generated by an IFFT and transmitted from each transmit antenna element over the frequency selective and time variant radio channel after cyclic extensions have been inserted. The transmitted signals are subject to broadband channel propagation. In this model, L = 15 path Rayleigh fadings have exponential shapes with path separation T path = 125ns. This situation causes a severe frequency selective fading. The normalized Doppler frequency is assumed to be f d T = 2 · 10 −3 and 10 −4 where f d is the Doppler frequency. In the receiver, the guard interval is erased from the received signals and the received signals are S/P converted. N c parallel sequences are passed to an FFT operator, which converts the signal back to the frequency domain. The CSI is initially calculated by Eq. (12) . The frequency domain signals are detected by a parallel detection algorithm using MQRD-PCM [12] . After a signal detection, the improved CSI is calculated by Eq. (27). In this simulation, the packets consist of 64 subcarriers and 22 OFDM symbols for M = 4, N = 4. Table 1 shows the simulation parameters. didates. With a small number of surviving candidates in the QRD-M, it is difficult to include the desired signal in the surviving symbol replica candidates every time. Meanwhile, with a large number of surviving candidates in the QRD-M, it is easy to include the desired signal in the surviving symbol replica candidates. Thus, the MQRD-PCM based MIMO system achieves the approximately same BER and 0.8 dB penalty at BER of 10 −4 compared with QRD-M (S 1 , S 2 , S 3 = 4, 4, 4) and QRD-M (S 1 , S 2 , S 3 = 4, 16, 16) where S m is the surviving symbol replica candidates for the mth stage of M-algorithm corresponding to transmitted signal from the mth transmit antenna. The full MLD produces the best BER performance. This is because the proposed scheme depends on the channel estimation property, on the other hand, the full MLD calculates all possible transmitted signals. Figure 4 shows the BER of the full MLD-based MIMO, the MQRD-PCM-based MIMO with discrete pilot signal assignment and an iterative channel identification for M = 4, N = 4 at f d T = 10 −4 . With discrete pilot signal assignment, the BER performance of the full MLD-based MIMO and MQRD-PCM-based MIMO shows the performance degradation compared with the the full MLD-based MIMO without discrete pilot signal assignment. Particularly, the BER of MQRD-PCM-based MIMO is significantly degraded compared with the full MLD-based MIMO. This is because MQRD-PCM-based MIMO depends on the accuracy ofQ(k). However,Q(k) includes the imperfect CSI due to the pilot frequency interpolation. MQRD-PCM-based MIMO with iteration #2 can achieve 1.2 dB, 9 dB and 3.2 dB gains compared with full MLD-based MIMO and MQRD-PCM-based MIMO with discrete pilot signal assignment, and MQRD-PCM-based MIMO with iteration #1 for satisfying the BER of 10 −3 . This is because the estimated CSI with iteration is more accurate than that of the initially esti- mated CSI as shown in Fig. 5 . Figure 6 shows the BER of the full MLD-based MIMO, the MQRD-PCM-based MIMO with discrete pilot signal assignment and an iterative channel identification for M = 4, N = 4 at f d T = 2 · 10 −3 and 10 −4 . By increasing the Doppler frequency, the BER performance of the MQRD-PCM-based MIMO is rapidly degraded compared with the full MLDbased MIMO. This is becauseQ(k) includes the imperfect CSI due to the pilot frequency interpolation and channel variance. In this case, iterative processing is also poorly operated. Therefore, the BER of full MLD-based MIMO and MQRD-PCM-based MIMO with iteration #2 show the approximately same BER. 
Computer Simulated Results
nulling and iter. Gen. of replica candidates (4M 2 CNc ψ) (ψ > 0) Squared Euclidian dist. . Since the full MLD-based MIMO without discrete pilot signal assignment uses many pilot symbols to distinguish all the CSI, the total transmission rate is degraded. On the other hand, the full MLDbased MIMO and MQRD-PCM-based MIMO with discrete pilot signal assignment use the reduced pilot symbols. As a result, in high E b /N o , the MQRD-PCM-based MIMO with discrete pilot signal assignment and an iterative channel identification achieve a significant improved throughput. By increasing the Doppler frequency, the performance behavior of MQRD-PCM-based MIMO with discrete pilot signal assignment and an iterative channel identification remains unchanged as the case with low Doppler frequency. Table 2 shows the required multiplication per packet. C is the constellation size (QPSK). From Table 2 , the total required multiplications per packet of the full MLD, QRD-M (S 1 , S 2 , S 3 = 4, 16, 16), QRD-M (S 1 , S 2 , S 3 = 4, 4, 4), the MQRD-PCM, and the MQRD-PCM-based MIMO with iteration #1 and #2 are 2637824, 477184, 231426, 188416, 362496, and 536576, respectively. Therefore, the required multiplication per packet of the MQRD-PCM is reduced about 1.3, 2.5 and 14 times when compared with QRD-M (S 1 , S 2 , S 3 = 4, 4, 4), QRD-M (S 1 , S 2 , S 3 = 4, 16, 16) and the full MLD, respectively. Moreover, the MQRD-PCMbased MIMO with iteration #2 can achieve the throughput improvement with reducing the complexity compared with the full MLD.
Conclusion
In this paper, we have evaluated the performance of parallel detection algorithm using MQRD-PCM-based MIMO. For increasing the total throughput performance, we consider the discrete pilot signal assignment and an iterative channel identification for MQRD-PCM-based MIMO. From the simulation results, the MQRD-PCM-based MIMO with iteration #2 can achieve 1.2 dB, 9 dB and 3.2 dB gains compared with full MLD-based MIMO and MQRD-PCM-based MIMO with discrete pilot signal assignment, and MQRD-PCM-based MIMO with iteration #1 for satisfying the BER of 10 −3 .
